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INniODDCTION 

The  integi*lty  of  any  organism  is  maintained  hy  the  fvinctioning  of 
homeostatic  systems.  Various  parameters  are  physiologically  controlled 
at  levels  differing  from  environmental  levels.  Becatise  an  organism  is 
an  open  system,  enei*gy  is  reqxiired  not  only  to  establish  these  internal 
levels  but  also  to  maintain  thorn.  The  energetic  cost  of  regulating  ary 
parameter  is  a  function  oft 

1,  the  difference  betvreen  tha  maintained  level  and 
the  environmental  level 

2,  the  degree  to  wliich  the  animal  is  open  to  the 
parameter 

3,  the  efficiencies  of  the  controlling  mechanisms. 

The  osmoregulatoiy  system  is  one  by  which  body  fluid  concentration 
can  be  maintaiTied  at  a  relatively  constant  level  irrespective  of  varia- 
tions in  the  concentration  of  the  external  medium.  General  aspects  of 
osmoregulation  have  been  revlex-red  by  Krogh  (1939) »  Hober  et._^,  (19^5) » 
Baldidn  (19^) »  and  Potts  and  Parry  (19^^)  •  Osmoregulation  in  teleost 
fishes  has  been  revievred  by  Smith  (1932),  Black  (1951 »  1957) »  Gordon 
(196J^) ,  and  Parry  (I966) , 

To  stuxfy  the  problem  of  teleost  osmoregulation,  I  have  chosen 
two  congeneric  Cyprinodont  species  vrhich  inhabit  areas  of  different  sa- 
linity conditions.  The  euryhalins  Fundulu-s  similis  (Baird  and  Girard) 
lives  in  salt  marshes  where  salinity  conditions  are  highly  variable. 


The  comparatively  stenohalina  Ftmdulvis  chrysottis  (Holbrook)  has  been 
fomid  occasionally  in  waters  of  up  to  2^,7  ppt  (K.ilhy,  1955)  i  but 
large  populations  are  res-trie  ted  to  fresh  i/ater. 

The  energetic  cost  of  osmoregulation  in  fishes  is  the  sum  of  the 
transport  vrork  performed  by  the  kidneys,  gills,  and  intestinal  tract. 
The  gills  account  for  the  majority  of  the  energetic  expenditure 
(Margaria,  1931;  Potts,  195^) •  In  order  to  estimate  the  energetic 
cost  of  osmoregulation,  I  have  maasui^ed  the  oxygen  consumption  of  intact 
animals  and  excised  gills  as  a  function  of  the  concentration  difference 
between  the  animal  and  the  environment. 

The  degree  to  which  the  osmoregulatoiy  system  of  an  animal  is  open 
to  the  environment  is  termed  perns  ability.  Because  the  energetic  effi- 
ciencies of  the  controlling  mechanisms  are  not  considered  in  this  stu<^, 
they  have  been  combined  with  permeabil.ity  to  yield  a  compound  factor 
which  I  call  apparent  percsability.  If  the  efficiencies  are  high  or 
the  permeability  is  low,  the  apparent  permeability  is  low.  If  the 
efficiencies  are  .  low  or  the  permeability  is  high,  then  the  apparent 
permeabiltiy  is  high,  Appaarent  permeability  vai'ies  directly  with  perme- 
ability and  inversely  with  the  efficiencies  of  the  controlling 
mechanisms. 

Parry  (1958)  has  suggested  that  body  size  is  an  important  factor 
affecting  the  ability  to  osmoregulate ,  This  factor  has  been  almost 
completely  ignored  in  osmoregulatory  studies.  In  the  present  study, 
body  size  is  considered  by  making  plots  of  log  oxygen  consumption-log 
body  Tveight  at  different  salinities.  This  type  of  analysis  has  been 
carried  out  by  Hickman  (1959)  for  fishes  arid  by  Gilchrist  (1956) ,  Rao 
(1958),  and  Lumbye  (1958)  for  various  invertebrates.  For  tissue  i^s- 


piration  studies  #  the  dry  gill  tissue  xwight  is  correlated  with  oxygen 
consumption  and  with  body  uoight  in  order  to  consider  the  influence  of 
body  size. 

Ptirposes 
The  purposes  of  this  study  arei 

1,  to  determine  the  precision  of  osmoregulation  of  two 
closely  related  species  of  fish  \«hich  are  from  habi- 
tats of  different  salinity  conditions 

2,  to  consider  the  energetic  cost  of  osmoregulation  for 
these  two  species  by  measuring  the  oxygen  consumption 
of  intact  animals  and  excised  gills  as  a  function  of 
salinity 

3,  to  calculate  apparent  permeability  as  a  f\mction  of 
body  size  and  salinity 

^,  to  compare  the  magnitude  and  direction  of  changes  in 
the  oxygen  consurr^ition  of  intact  animals  and  excised 
gills  as  a  function  of  body  size  and  salinity. 


MATERIALS  AND  KETHODS 

Collection,  Maintenance,  and  Acclimation  of  Fish 

Seines  t^re  used  to  collect  F,  siniilis  from  tidal  creeks  near  Cedar 
Key,  Florida.  The  salinity  at  times  of  collection  varied  from  8  to 
3^  ppt.  Specimens  of  F,  chrysotus  tiiere  collected  in  the  Gainesville, 
Florida, are a  from  Lake  McClond  and  River  Styx  with  dipnets,  seines,  and 
small  dredges. 

Fish  were  maintained  in  10-gallon  aqiiaria,  Water  x^as  aerated  and 
filtered.  Temperature  was  regulated  between  20  and  25°  C,  During  the 
studies  with  intact  animals,  a  12-hour  light  and  12-hour  dark  cycle  was 
maintained.  For  the  "blood  plasma  studies  and  tissue  metabolism  experi- 
ments, light  was  not  controlled.  Fish  were  fed  commercial  shrimp 
pellets, 

F,  simjJLis  was  acclimated  to  the  different  salinities  in  a  step- 
wise fashion.  Usually  the  salinity  at  collection  was  near  that  of  full 
sea  water.  Therefore,  the  fish  were  first  kept  in  full  sea  water  from 
MarinelancP  of  Florida  (35.5  Ppt),  Two  days  later,  3/k  of  the  fish 
were  transferred  to  a  dilution  of  2/3  sea  water  to  l/3  fresh  spring 
water.  In  axiother  two  days,  2/3  of  these  fish  were  transferred  from 
2/3  sea  water  into  a  I/3  sea  water  mixture.  Because  F,  similis  could 
not  suarvive  10{^  spring  water,  l/2  of  the  fish  in  I/3  sea  water  were 
transferred  into  a  mixture  equaling  ca,  1  ppt  salinity.  After  all 
transfers  had  been  completed,  a  period  of  two  weeks  was  allowed  for 


full  acclimation.  Parry  (1966)  has  suggested  that  only  a  few  hours 
are  required  for  fish  to  become  acclimated  to  salinity, 

F,  chrysotus  was  also  acclimated  in  a  stepxrlse  fashion.  The 
process  began  in  fresh  water  and  proceeded  into  l/3i  2/3 i  and  full  sea 
water,  A  period  of  two  days  was  allo^red  between  transfers  and  a  period 
of  two  I'Teeks  was  alloi^red  for  full  acclimation. 

Plasma  Samples 

Plasma  samples  were  obtained  using  heparinized  capillary  tubes. 
Fish  were  removed  from  the  aquai'ia  and  excess  moisture  in  the  gill  re- 
gion was  absorbed  with  tissue  paper,  A  heparinized  capillary  tube 
(1.^1,6  ram  in  diameter)  was  placed  adjacent  to  the  istlinras  and  gently 
twisted  and  pushed  into  the  heart,  VJhen  the  capillary  tube  met  re- 
duced resistance  and  the  heart  had  been  pierced,  the  tube  was  slightly 
retracted,  V/hole  blood  entered  the  tube. 

Samples  ware  centrifuged  at  10,000  rev/min  for  15  minutes  to  separ- 
ate the  plasma  from  the  blood  cells.  For  large  samples  (all  F,  similis 
and  some  F,  chrysotus) ,  the  plasma  v7as  separated  from  the  cells  by 
breaking  the  tube  at  the  plasma-cell  interface.  Then  the  plasma  was 
transferred  to  a  new  capillary  tube.  Such  a  separation  xfas  too  diffi- 
cult for  small  samples  and  the  plasma  was  frozen  in  a  vertical  posi- 
tion with  the  colvimn  of  cells  under  it, 

DeteiT-Anation  of  Blood  Plasma  Concentration 

The  determination  of  blood  plasma  concentration  was  modeled  after 
Gross  {195^) ,  Hoar  (I96O) ,  ard  Pavlovskii  (196^) ,  This  method  is  pep- 


forri^d  by  comparing  the  tiroe  of  melting  of  frozen  solutions  of  unknotm 
osmolar  concentration  \n.th  solutions  of  knoTfn  osmolar  concentration 
when  alloTred  to  warm  very  slowly  and  linearly  in  a  cold  brine  (satu- 
rated NaCl)  bath.  Because  only  0,003.-0,01  ml  of  sanple  is  needed  to 
fill  a  small  portion  of  a  capillary  tube,  this  method  is  desirable  for 
small  quantities, 

A  1-gallon  battery  jar  was  suspended  in  a  2,5-gallon  bucket  which 
had  a  12,5  cm  diameter  hole  in  the  bottom,  Styrofoar^  insulation  vras 
placed  between  the  bucket  and  battery  jar.  The  bucket  was  elevated  by- 
three  legs.  Reflected  light  was  passed  through  the  battery  jar  con- 
taining cooled  brine.  One  polaroid  plate,  0,030  inches  thick  and  30$^ 
light  transmission,  was  placed  immediately  below  the  batteiy  jar  and 
another  was  placed  above  the  battery  jar  in  the  "crossed"  position. 
This  allov?ed  1%  light  transmission  and  caiised  crystals  to  appear  to 
glow.  Gentle  circulation  of  the  brine  was  provided  hy  an  air-driven 
stirrer.  For  suspending  samples  in  the  battery  jar,  a  capillary  tube 
holder  was  made  from  a  plastic  soap  dish. 

Standard  solutions  were  Eiixed  to  kno\m  concentrations  as  follows 
according  to  Hamed  and  OiTOn  (1958,  page  ^2)i 

Molarity       Osmotic  Coefficient      Osmolarity 
0,1  KaCl  1,86  ,186 

0,2  NaCl  l,8if  .368 

0.3  NaCl  1,83  ,5^ 

0,5  NaCl  1,81  ,905 

An  experimental  run  consisted  of  these  four  standards  plus  two  to 
four  unknowns.  All  volumes  were  approximately  equal.  The  standards 
and  unknowns  were  placed  in  the  holder  and  frozen  with  dry  ice.  The 


briris  was  cooled  to  betvreon  -8  and  -10°  C  vith  dry  ice.    The  capillary 
tube  holder  was  suspended  in  the  cooled  bath  and  the  polaroid  plates 
were  positioned.    The  bath  was  allovred  to  warm  at  the  rate  of  ca,  1°  C 
every  half  hour  during  the  critical  temperature  range  from  -2  to  0°  C, 
The  thawing  of  ice  crystals  was  obsei-ved  and  tine  was  i^corded  as  the 
last  crystal  melted. 

Then  the  concentrations  of  the  unknowns  could  be  detemdned  from 
a  graph  of  osmolar  concentration  and  time  of  tha:?d.ng  of  standards. 
The  accuracy  of  this  metliod  is  +  5~10  mosm/liter. 

Activity 

The  system  for  measuring  the  effects  of  experimental  handling  on 
the  activity  of  fish  consisted  of  a  6.3  volt  light  source  with  an  infra,- 
red  filter  and  a  Hxmter^  photorelay  connected  to  an  Esterline  AngulS' 
event  recorder. 

The  experirrental  fish  was  placed  iri  a  flask  (either  250  or  5^0  ml, 
depending  upon  the  size  cf  the  fish)  between  the  infrared  light  source 
and  the  photorelay,  VJhenever  the  fish  broke  the  beam,  the  event  was 
recorded.  During  an  experimont,  water  was  kept  aerated  with  an  air- 
stone  and  temperatui^  was  maintained  constant  at  20°  C,  AH  experi- 
ments were  continued  for  2k  hours  in  the  dark. 

Five  individuals  of  each  species  were  used.  The  number  of  events 
on  the  recorder  paper  "was  grouped  into  1-hour  intervals.  Data  from 
each  of  five  fish  of  the  saitio  species  were  added  together  for  each 
hour  interval.  The  total  nxiinber  of  times  that  the  beam  was  broken  per 
hour  was  graphed  against  tine.  The  period  of  minimal  activity  was 
thus  detenained. 


Intact  Animal  O^sy.'^en  Consxinptlon 

Apparatus 

The  systea  for  mBasuring  the  oxygen  consumption  of  intact  animals 
was  modified  from  that  of  Fry  and  Hart  (19^7) • 

The  respiration  chamber  consisted  of  a  one-arm  suction  filtration 
flask  fitted  with  a  one-hole  rubber  stopper  thi'ough  which  a  glass  tub© 
was  passed.  The  end  of  the  glass  tube  inside  the  flask  was  positioned 
as  far  away  from  the  anu  as  possible  (see  Figiire  1),  Two  sizes  of 
flask  irere  used  (250  and  500  ml) » depending  upon  the  size  of  the  fish, 

A  19-liter  aquarium  served  as  both  the  teraporature  bath  and  the 
re se voir  for  the  circvilating  medium.  One  end  of  the  aquarium  was  re- 
moved and  replaced  by  plexiglass  through  -vdiich  a  hole  was  drilled,  A 
glass  tube,  5  cm  long,  was  passed  through  tliis  hole  around  vThich  aquar- 
ium cement  was  applied  to  prevent  leakage.  Both  ends  of  the  glass 
tube  Tjere  connected  to  tygon  tubing.  The  longer  tube  on  the  outside 
of  the  aquarium  passed  through  a  circulation  pump  and  back  into  the 
aquarium.  The  shorter  tube  on  the  inside  was  connected  to  the  glass 
tube  of  the  respiration  flask,  l-Ihen  the  circulation  pump  was  turned  on, 
water  left  the  flask  via  the  glass  tubing  and  vras  replaced  ty  water 
entering  through  the  ana  of  the  flask.  See  Figure  1  for  flow  direc- 
tions, 

V7ater  circulated  through  the  cooling  coil  from  a  constant  tempera- 
ture bath  held  at  20°  C,  An  air  Tpump   vented  through  airstones  main- 
tained a  high  oxygen  concentration  in  the  aquarium  water. 

To  provide  insulation  and  darkness,  the  aquarium  was  placed  in  a 
large  StyrofoaiP' cooler  which  vias  painted  flat  black  on  the  inside. 
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Determination  of  Dissolved  Oxygen 

The  ProcislonS/  galvanic  cell  oxygen  analyzer  reads  linearly  in 
milliamperes  of  electricity  floiving  between  cathode  and  anode.  It  meas- 
ures oxygen  concentration  to  vdthin  0,1  ppm  at  constant  temperattire , 
The  analyzer's  flow  requirement  of  1,0  ft/sec  was  met  with  an  electro- 
magnetic stirrer  ( see  Figure  1) • 

Approximately  200  nil.  of  water  at  the  same  temperattire  and  salinity 
as  the  water  in  the  19-liter  aqxiarium  was  vigorously  aerated  overnight, 
A  Winkler  determination  for  dissolved  oxygen  indicated  that  this  water 
was  consistently  99-100^  saturated.  This  water  was  used  as  a  standard 
of  reference  for  the  oxygen  analyzer  readings. 

Readings  in  milliamperes  vrere  taken  for  100  ml  of  the  standard 
water  and  for  100  ml  of  an  vmknown  sample.  The  folloi'Ting  calcxiLation 
yielded  dissolved  oxygen  in  the  unknown  sample i 


milliampe res-sample     ^   amount  dissolved  at  saturation 
irnllianpe res-standard      for  given  temperature  and  salinity 


Saturation  values  ware  road  from  a  nomogram  wliich  was  supplied  with 
the  oxygen  analyzer. 

Experimental  Procedure  and  Analysis 

The  experimental  amimals  were  fasted  for  2^  hours  prior  to  their 
use.  Each  fish  was  placed  in  a  full  respii^meter  flask  which  was 
stoppered  and  connected  to  the  tygon  tubing  inside  the  aquarium.  The 
circulation  pump  was  turned  on  and  adjusted  to  give  a  flow  rate  of 
100-150  ml/nin.  This  rate  had.  no  visible  effects  en  the  fish  and  was 
fast  enovigh  so  that  the  water  in  the  flask  would  stay  as  vrell  aerated 
as  the  vrater  in  the  aquarium.  The  fish  was  allowed  to  remain  in  this 
condition  until  the  period  of  minimal  activity  had  been  reached. 
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At  the  beginning  of  an  experin©nt,  a  100  ml  sample  of  water  was 
removed  throiigh  the  outside  tygon  tubing  and  oxygen  concentration  v:as 
determined.  The  system  was  then  stopped  from  floiv-ing  for  30  minutes 
and  a  second  sample  was  then  taken  from  inside  the  flask.  The  dead 
space  (tygon  and  glass  tubing)  was  cleared  and  a  100  ml  water  sample 
was  collected  through  the  outside  tube.  The  oxygen  concentration  was 
determined  and  subtracted  from  the  first  determination.  The  system  was 
then  allowed  to  flow  for  30  minutes  and  the  entire  procedure  was  re- 
peated from  the  beginning.  Five  such  determinations  were  made  during 
a  4.5-hour  period.  Fish  were  superficially  dried  with  paper  towels  and 
iTOighed  after  escperiiaants  on  a  TorsiorS' balance  to  a  precision  of  0,01  g, 

Escperiments  id-th  blue  dye  demonstrated  that  no  mixing  of  water 
entering  and  leaving  the  flask  occurred  wliile  drai-dng  samples. 

The  average  of  five  readings  w'as  considered  to  be  an  estimate  of 
rountine  oxygen  consumption  as  defined  by  Beamish  and  Kookherjii  (1964). 
The  log  of  oxygen  eonstunption  (nil/hr)  was  correlated  •with  the  log  of 
body  xraight  (g)  for  each  species  at  four  different  salinities. 
Log  oxygen  consumption  =  A  log  body  weight  +  log  B 
vrherei 

A  =  increase  in  log  oxygen  consumption  relative  to 

increase  in  log  body  weight 
B  =  amount  of  oxygen  consumed  by  a  1,0  g  fish. 
Special  Gonsiderations 

Fry  (1957)  has  suggested  that  the  folio-wing  variables  may  affect 
the  oxygen  consumption  of  fisht 

1,  experimental  temperature  and  thermal  history 

2,  oxygon  and  carbon  dioxide  tensions 
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3.  seasonal  influences 
^■,   diurnal  variations 

5.  activity 

6,  nutritional  state 

7.  sex 

8,  body  weight 

9t  environmental  salinity. 
In  this  study,  an  attempt  was  made  to  consider  each  of  those  fac- 
tors and  to  allow  only  body  size  and  environmental  salinity  to  vary. 
Diurnal  variations,  sex,  and  seasonal  influences  are  not  discussed  else- 
where in  this  paper.  Experiments  were  performed  between  0800  and  1200 
(Eastern  Standard  Time)  and  between  2000  and  2'K)0  (Eastern  Standard 
Time) ,  Ho  difference  was  apparent  in  the  results  betvreen  these  two 
groups.  Sex  of  individuals  was  determined,  but  was  found  not  to  sig- 
nificantly affect  oxygen  consumption.  The  duration  of  these  studies 
did  not  permit  the  obsei'vation  of  possible  seasonal  influences  on 
oxygen  consumption. 

•  Cxypien  Consumption  of  Excised  Gills 

Experimental  Setup 

The  oxygen  consumption  of  excised  gills  was  determined  using  a 
Gilson  differential  respirometer.  This  is  a  closed  system  in  which 
the  reaction  vessels  are  separated  from  a  compensation  chamber  by  a 
m^anomater  (Umbreit  et  ^al,,  1956),  Fifteen  ml  capacity  flasks  vrere 
used.  The  center  well  of  the  flask  contained  a  piece  of  folded  filter 
paper  which  had  been  satui*ated  with  10^  KOH,  The  main  congsartment  of 
the  flask  contained  the  gills  and  2,0  ml  of  water  of  the  desired 
salinity. 


1^ 

Experimental  Procedure 

The  gill  apparatus  was  excised  as  a  xmit.  A  single  cut  was  made  at 
the  caudal  end  of  the  isthiiiiis.  The  isthmus  xras  pulled  cephalad  exposing 
the  gill  apparatus.  After  the  gill  apparatus  had  been  teased  loose 
using  a  scapel  and  dissecting  needles,  it  was  separated  from  the  fish 
id.th  a  forceps  and  divided  into  right  and  left  halves.  This  division 
allotred  the  tissue  to  lie  flat  in  the  manometer  vessels  and  he   completely 
covered  by  the  medivia. 

O^^-gen  consumption  was  corrected  to  standard  conditions.  Meas- 
xjrements  were  made  at  20°  C  and  barometric  pressure  was  recorded  at  the 
beginning  and  end  of  each  experiment. 

A  period  of  thirty  minutes  was  allovred  for  eqioilibration  and  then 
readings  were  taken  at  15-minute  intervals  for  a  period  of  2,0  hours. 
At  the  end  of  each  experiment,  the  gills  wore  removed  from  the  manom- 
eter vessels  and  the  siirplus  liquid  was  absorbed  from  the  tissue  with 
paper  toT-rels.  The  gills  were  placed  in  small  unstoppered  vials  and 
dried  for  one  vmek   at  110°  C  in  a  drying  oven.  At  which  time,  the  dry 
tissue  weight  was  determined  with  a  KettlerS/ analytical  balance  to  a 
precision  of  0,1  mg. 

Analysis 

For  each  species  in  each  mediiHn,  a  plot  of  log  dry  gill  iraight  (mg) 
against  log  oxygen  consuinption  (,/il/hr)  was  made. 

Log  oxygen  consumption  =  A  log  dry  gill  weight  +  log  B, 
The  wet  body  weight  of  each  fish  was  also  recorded  and  log  dry 
gill  weight  (mg)  was  plotted  as  a  function  of  wet  body  weight  (g). 
Log  dry  gill  ^^feight  =  A  log  iTet  body  weight  +  log  B. 
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Special  Considerations 

Krebs  (1950)  has  discussed  two  important  aspects  of  tissue 
motabolismj 

1,  the  choice  of  modivun 

2,  treatment  of  tissues. 

In  the  present  study,  the  medium  was  an  artificially  prepared  sea 
water  (Svedrup  et  al.,  19^2)  and  dilutions  trare  made  with  distilled 
water  to  produce  salinities  which  woiild  be  consistent  •^'d.th  those  of 
the  blood  plasma  studies.  The  giU.s  vrere  excised  as  an  intact  xmit 
and  tissue  damage  was  minimal. 

Gill  Surface  Area 

The  method  of  determining  the  surface  area  of  the  gills  was 
according  to  Gray  (195^)  and  Hughes  (19^6) ,  Intact  fish  were  weighed 
and  their  gills  removed.  The  number  of  filaments  on  each  gill  arch 
was  counted  for  the  gill  apparatus  on  one  side  of  the  fish.  The  average 
length  of  those  filaioents  was  determined  by  measuring  every  fifth  fila- 
ment on  each  gill  ai'ch.  The  average  number  of  lamellae  per  mm  was 
determined  by  making  five  counts  on  the  filaments  of  each  gill  arch. 
The  average  area  of  the  lamellae  was  determined  by  sampling  ten  lamellas 

Q 

per  fish.  These  were  dranm  by  means  of  a  Zeichentubus^  and  a  planimeter 
was  used  to  determine  surface  area.  The  lamellae  are  triangular  in 
cross  section.  Because  those  drawings  s^e   two  dimensional,  their  areas 
were  multiplied  by  a  factor  of  three  to  get  total  surface  area.  It  is 
believed  that  this  is  an  -underestiiiiate  of  the  true  s'^rface  area  be- 
cause the  triangular  cross  section3  have  curved  sides.  The  formula  for 
gill  surface  area  isj 
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SA  =  8  X  #F  X  L  X  1  X  sa 


X'j^herei 


SA  =  total  gill  surface  area  in  mm^ 

8  =  total  number  of  gill  arches 
#F  =  avaerage  number  of  filanents  per  giU  arch 
L  =  average  length  of  filaments  in  mm 
1  -  average  number  of  lasasllae  per  mm 
sa  -  average  surface  area  of  lamellae  in  mm^. 
For  each  species,  log  svirface  area  (nim^)   was  correlated  ■tath  log 
wet  boc3y  '.Teight  (g). 

Log  surface  area  =  A  log  >ret  t-Teight  +  log  B, 
Fish  and  gills  were  stoi^d  in  IQfp  formalin  diifing  these  measure- 
ments and  correction  factors  for  shrinkage  and  V73ight  change  tjere 
applied  according  to  Parker  (I963). 

Permeability 

Gill  permeabilities  •E-rare  infen^d  from  other  data  by  using  the 
equation  of  Potts  {13^)1 

W  =  KA  (B-M)  R  T  In  -Qfll 


where 1 


W  =  work  in  cal/hr 

K  =  permeability  in  moles/mm^-Eolar  difference-hr 

A  =  surface  area  in  mm^ 

B  =  blood  concentration  in  moles/liter 

M  =  medium  concentration  in  moles/liter 

R  =  1.937  cal/°C-mole 

T  =  absolute  temperature  in  °K. 
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This  equation  may  be  rewritteni 

M 

K  =  aTb-M)  R  T  In  B/H, 

Work  was  derived  from  gill  oxygen  consumption  readings  by  multi- 
plying data  by  ^.3  cal/ml  O2.  It  was  decided  better  not  to  subtract 
a  small  amount  of  onergy  used  for  maintenance  of  the  gill  cells,  because 
Harvey  jet  al.  (I967)  have  shox-m  that  this  portion  of  the  metabolism  is 
also  instrumental  in  ion  transport.  Surface  area  of  the  gills  was  known 
from  the  relationships  in  Table  I8,  Kolar  concentrations  of  the  medium 
and  blood  were  calculated  from  osmolar  concentration  data. 

Assumptions  upon  which  these  calculations  are  based  are  considered 
in  the  discussion. 

Statistical  Methods 

Regression  lines  were  calculated  according  to  the  least  squares 
method  for  c\ir</ilinoar  regression  (Miller  and  Freund,  1965). 

Regression  coefficients  are  given  ;-rith  one  standard  error  of  the 
estimate  and  are  compared  by  the  method  given  in  Bailey  (1959) • 

Intercepts  are  given  with  one  standard  deviation  according  to 
Snedecor  (19^5) t  Both  the  variation  around  the  sample  mean  and  the 
variation  of  the  regression  coefficient  are  taken  into  accoiint. 
Comparison  of  intercepts  involved  the  use  of  "pooled"  variances  from 
the  regression  and  the  test  statistic  for  intercepts  according  to  Killer 
and  Freund  (I965) * 

Sample  standard  deviations  from  regressions  were  calculated  for 
each  regression  line  according  to  Snedecor  (19^5) • 

Means  of  the  blood  plasma  samples  were  compared  using  a  standai^i 
"t"  tost  statistic  for  hypotheses  concerning  two  means  after  Miller  and 
Freund  (I965). 


RESULTS 

Activity 

Both  species, are  most  active  immediately  after  being  placed  in 
the  respiration  flasks.  Activity  then  decreases  to  a  cdnimal  level 
and  eventually  increases  until  the  end  of  the  expeidment  (see  Figtires 
2  and  3)  •  Between  11  and  15  hours  after  the  beginning  of  the  experi- 
mentSf  F.  siinilis  exhibits  minimal  activity  which  is  approximately  kO^ 
of  the  original  level  of  activity.  The  period  of  minimal  activity  for 
F»  chrysotus  occtirs  between  7  and  18  hours  after  being  placed  in  res- 
piration flasks,  and  is  less  than  1^  of  the  original  activity.  Meas- 
urements of  rountine  oxygen  consumption  irere  made  during  these  periods 
of  minimal  activity. 

Concentration  of  Blood  Plasma 

As  the  concentration  of  the  medium,  is  raised  from  25  mosm/liter 
to  1,000  mosm/liter,  the  concentration  of  the  blood  plasma  of 
F,  similis  increases  from  339  +  15.9  mosra/liter  to  397+  7»1  mosm/liter 
(Figure  k) ,     At  j^Lj  =  370  mosm/liter,  the  mean  fish  plasma  concen- 
tration equals  that  of  the  meditim.  All  means  are  significantly  dif- 
ferent from  each  other  except  those  of  fish  in  l/3  and  2/3  sea  water. 

The  concentration  of  the  blood  plasma  of  F,  chrysotus  increases 
from  2^6  +  22,8  mosm/liter  to  ^59  +  26,3  mosm/liter  as  the  meditim  . 
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Figure  2.  Activity  i^ecord  of  F,  sirnJ.is  after  placement  in  respiration 
chambers.  Data  are  the  totals  from  records  of  five  fish. 
The  period  of  ininimal  activity  is  indicated. 
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Figvire  3»  Activity  record  of  F,  chrysgtus  after  placement  in  respira- 
tion chambors.  Data  are  the  totals  from  records  of  five 
fish.  The  period  of  minimal  activity  is  indicated. 
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is  increased  frora  15  nosm/litor  to  660  Kosm/liter.     At  fMj  =  980 
mosm/litor,  tha  blood  jiLasma  concentration  drops  to  297  +  25t3  mosm/ 
liter  (Figm'o  4) ,     The  point  of  osmoneutrality  is  at  Q-Q  =  405  mosm/ 
liter  =  ^"J  .     All  means  are  significantly  different  from  one  another 
(P<.001) . 

Intact  Animal  OxyFten  Consiireption 

There  are  significant  variations  in  the  oxygon  consumption  of 
intact  Ft  similis  in  response  to  variations  in  salinity.    The  results 
are  pi^sentad  graphically  in  Figures  5-8  and  are  sunnarizcd  in 
Table  1,     The  slopes  of  the  log  oxygen  consuniption-log  body  weight 
regressions  are  lowest  in  l/3  sea  water,  0,^16,  and  increase  as 
JB  -  m|  increases.     In  fresh  water,  the  slope  is  0,6896,  an  increasa 
of  40^.     In  2/3  sea  water,  the  slope  increases  10^  to  0,5^32  and  in 
sea  water  it  is  0,5801,  an  increase  of  ysfi%     There  are  no  significant 
difference  a:nong  these  slopes  (Table  2), 

The  intercepts  of  these  regression  Lines  increase  from  -1,0655 
in  fresh  water  (0.086  ml/hr)  to  -0,8239  in  full  sea  water  (O.I5O 
nl/hr)  •     /ill  intercepts  are  statistically  different  from  each  other, 
except  those  in  l/3  and  2/3  sea  water  (Table  2), 

The  slopes  of  the  log  oxj'gen  consuiaptionr-log  body  weight  re- 
gressions for  F»  chrysotus  follow  the  same  pattern  as  for  F.  similis. 
See  Figures  9-12  and  Table  3»     The  slopes  are  ndniinal  in  1/3  sea 
water,  0,3^+30,  zxA  increase  as  JB  -  k|  increases.     In  fresh  water, 
the  slope     is  0,3578,   a  10^  increase  over  the  slope  in  l/3  sea  water. 
In  2/3  sea  water,  it  increases  12;^  to  0,'*119  and  it  is  0.5077,   a  15^ 
increase,  in  full  sea  water.     Statistically,  the  slope    in  sea  water 


Figure  5.  Oxygen  consumption  of  intact  F,  sitnilis  in  fresh  water  as 
a  function  of  body  weight.  Slope  =  6,6896  +   O.O755, 
Intercept  =  -1,0655  +  COi^SS,  Correlation  coefficient  = 
0,91. 
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Figure  6,     Oxygen  constmrption  of  intact  F,   siirdlis  in  I/3  sea  water  as 
a  function  of  body  weight.     Slope  =  0,^t9l6  +  0,07?2, 
Intercept  =  -O.9508  +  0.027^,     Correlation  coefficient  = 
0.81. 
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Figure  ?•  Oxygen  consumption  of  intact  F,  siinilis  in  2/3  sea  water  as 
a  function  of  body  vreight.  Slope  =  0. 5^1-32  +  0,092?. 
Interceiot  =  -0.9281  +  0.029^.  Correlation  coefficient  == 
0.77. 
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Figure  8,  Oxygen  consximption  of  intact  F,  similis  in  fiill  sea  water  as 
a  function  of  body  weight.  Slope  =  0,5801  +  0.0625. 
Intercept  =  -0,8239  +  0.0^69,  Correlation  coefficient  - 
0,89. 
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TABLE  2 

STATISTICAL  C0I-3=ARIS0KS  OF  SLOPES  AITO  INTERCEPTS  OF 

THE  D0UI2LE  LCGARITffilEC  RELATIOIJSIUP  BSTIffiEN  0XYGE1>I  CONSUIPTION  AND 

l^EIGHT  OF  INTACT  F.   snjiilis  AT  FOUR  SALIICETIES 


Comparison  Slopes  Intercepts 

f-l/3  P>.05  *P<.05 

f-2/3  P>.05  *P<.01 

f-3/3  P>.05  *P<.001 

l/>2/3  P>.05  P>.05 

1/3-3/3  P>.05  *P<.01 

2/3-3/3  P>.05  *P<.05 

*Considered  to  be  statistically  significant. 


Figure  9t  Oxygen  consumption  of  intact  F,  chj^sotus  in  fresh  water  as 
a  function  of  body  weight.  Slope  =  0,3578  +  0,03^8, 
Intercept  =  -0,9208  +  0,0118,  Correlation  coefficient  = 
0,91. 
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Figura  10,  Oxygen  consumption  of  intact  F.  chrysotus  in  l/3  sea  water 
as  a  function  of  body  freight.  Slope  =  0,3^4-30  +  0,0518, 
Intercept  =  -O.9066  +  O.OlW,  Correlation  coefficient  = 
0.81, 
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Figure  11,     Oxygon  consumption  of  intact  F,  jihrggot-as  in  2/3  sea  X'rater 
as  a  function  of  body  vreight.     Slope  =  0,^119  +  0.0511, 
Intercept  =  -O.9066  +  0.0215.     Correlation  coefficient  = 
0.86. 
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Figure  12,  Oxygen  consumption  of  intact  F,  chrysotus  in  full  sea  water 
as  a  function  of  body  vreight.  Slope  =  0.50??  +  0.0^-2^1-. 
Intercept  =  "1,017?+  0,0126,  Correlation  coefficient  = 
0.93. 
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differs  fron  both  the  sloi^e  in  frosh  water  (P<.01)  and  the  slope  in 
1/3  soa  water  (P<t05) ,  The  hypothesis  that  any  other  differences  in 
slopes  exist  is  rejected  (P>.05).  See  Table  ^, 

The  intercepts  of  the  regression  lines  for  F,  clirysotns  do  not 
show  as  much  variation  as  those  for  F.  sirnilis.  They  are  -0,9208 
(0.120  ml/hi')  in  fresh  water  and  -O.9O66  (0.12^  ml/hr)  in  l/3  and  2/3 
sea  water,  Hovrever,  the  intercept  decreases  in  full  sea  water  to 
-1,0177  (0.096  ml/hr),  a  resTilt  vihich  is  significantly  different  from 
all  other  intercepts  (P<,001),  See  Table  ^, 

An  interspecific  comparison  of  slopes  at  each  salinity  shows 
that  they  differ  in  frosh  water  (P<,001) ,  In  all  other  salinities,  a 
difference  in  slopes  does  not  exist  (P>.05) .  The  intercepts  differ  in 
fresh  and  full  sea  water  (P<.001) ,  but  do  not  differ  in  I/3  and  2/3 
sea  water  (P>.05) ,  See  Table  5. 

Tables  6  and  7  show  oxygen  consumption  of  F,  similis  and  "  ^ 
F,  chrysotus  of  five  sizes  at  four  different  salinities.  These -values 
9X0   calculated  from  the  relationships  given  inTaKLes  1  and  3» 
Charges  are  calculated  relative  to  values  in  l/3  sea  x-rater  which  is 
nearest  to  being  osmotically  equivalent  to  the  blood  plasma. 

Qjqygen  consumption  is  lowest  in  fresh  water  for  F.  similis 
weighing  from  0.5  to  4,0  g,  A  4.0  g  fish  has  approzimately  the  seme 
oxygen  consumption  in  fresh  and  l/3  sea  water.  A  10,0  g  fish  shows 
a  21 ,15s  increase  in  oxygen  consun^tion  in  fresh  water.  In  2/3  sea 
water,  fish  of  all  sizes  show  increases  in  oxygen  consumption  (1.6^ 
to  18.6^),  In  full  sea  water,  increases  range  from  25.0^  for  a  0.5  g 
fish  to  63,8^  for  a  10,0  g  fish.  All  fish  in  a  hyperosmotic  meditm 
show  increases  in  oxj'gen  consumption  relative  to  I/3  sea  water.  Small 


1^6 


TABLE  k 

STATISTICAL  COMPARISONS  OF  SLOPES  AND  INTERC3PTS  OF 

TIIE  DOUBLE  LOGAKITIIiaC  RELATIONSHIP  BRri'ffiEN  OXYGEN  CJNSUllPTION  AND 

VffilGIIT  OF  IDJTACT  F,   cbrysotus  AT  FOUR  SALIioITIES 


Comparison 


Slopes 


Intercepts 


f-1/3 

f-2/3 

f-3/3 

1/3-2/3 

1/3-3/3 

2/3-3/3 


P>.05 

P>.05 
*P<.01 

R>.05 
*P<.05 

F>.05 


F>.05 

P>.05 

*P<,001 

P>.05 

*P<.001 
*P<,001 


*Considered  to  be  statistically  significant. 


'^7 


TABLE  5 

IIITSRSPECIFIC  STATISTICAL  C01-.TARIS0MS  OF  SLOPES  AND  IMTERCSPTS  OF 

TIIE  DOUBLE  LCGARITKIC  IIEL.ATIOKSKIP  EETI-EEN  OXYGEN  COIISUl-PTION  AIJD 

VJEIGKT?  OF  lOTACT  AI'JIKALS  AT  FOUR  SALIICCTIES 


Kedium  Slopes  Intercepts 


*v 


P<.001  ^P<.001 

1/3                P>.05  P>.05 

2/3                 P>.05  '   P>.05 

3/3                P>.05  *p<.ooi 


"Considered  to  be  statistically  significant. 
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fish  (less  than  ^.0  g)  in  a  liypoosmotic  Keditun  show  decreases  in 
oxygen  consumption, while  Icrge  fish  (more  th^n  ^.o  g)  in  the  saina 
salinity  show  increases  in  ojqygen  consumption. 

The  oxygen  constnaption  of  F,  chrysot-us  is  relatively  stable  from 
fresh  to  2/3  sea  water  and  then  drops  in  full  sea  water.  In  fresh 
water,  all  fish  show  slight  decreases  in  ojcygen  consumption  ranging 
from  k,Z%   for  a  0,5  g  fish  to  Z,Zfi   for  a  2.0  g  fish.  In  2/3  sea  water, 
fish  below  1.0  g  show  a  slight  decrease  in  oxygen  constir!iption,and  fish 
above  1,0  g  show  a  slight  increase  in  oxygen  consuinption.  In  full  sea 
water,  all  fish  show  decreased  oxygen  consumptions  with  the  greatest 
depressions  occurring  in  the  smallest  fish. 

The  slopes  obtained  for  the  double  logaritmic  relationship  be- 
ti'TOen  oxygen  consumption  and  body  weight  are  lower  for  both  species 
in  all  salinities  than  those  reported  for  other  fishes.  Job  (1955) 
fomid  slopes  of  0,802  -  0,856  for  Salvelinus  fontinalis,  Hickman  (1959) 
found  a  slops  of  0,86  to  represent  the  effect  of  weight  on  the  oxygen 
cons^JSjption  of  the  starry  flounder,  Platichthys  £-te].latu3 ,  He  also 
found  slope  values  of  O.S-'^  for  lemon  sole,  Parophys  vetuliis,  and  0,90 
for  sanddab,  Citharichthys  stignaeus,  CHai^a  (I968)  fo\md  slopes  of 
0,71?  and  0.710  for  L££oinis  wacIirpchirrLs .  and  Lepomis  fp-bbosus  re- 
spectively. Beamish  caid  Mookher jii  (196^)  foiuid  an  average  slop©  of 
0.85  for  Carassius  auratus.  Only  the  value  inferred  from  data  of 
Wells  (1935)  for  Fundulus  parvipirnls  approaches  the  values  in  this 
study.  His  data  imply  a  slope  of  0,50.  All  other  studies  concerning 
the  dependence  of  oxygen  consumption  on  weight  in  fishes  have  been 
conducted  using  larger  fish  than  those  in  this  study  and  only  data  of 
V7el!l.s  are  for  fish  of  a  conrparable  size  range. 
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Oxygen  ConsipiTJtion  of  Excised  GJJlls 

The  slopes  of  the  regrassion  Unas  of  log  oxygen  consumption-log 
dry  gH-1  Keight  for  F,  sindlis  ai-e  maxiBiiiL  (0,581?)  in  l/3  sea  v/ater 
and  decrease  as  JB  -  MJ  increases  (Figxiros  13  -  l6  and  Table  8), 
In  fresh  water,  the  slope  decreases  ^6fS  to  0,3151«     I"  2/3  soa  water, 
it  is  0,'ll'44,   a  29^  decrease.     In  full  sea  water,  the  slope  is  minimal 
at  0,2^53i   a  S7p  decrease.     Statistically,  the  slope  in  ftill  sea 
water  differs  from  both  the  slope  in  l/3  sea  v/ater  (P<,001)   and  the 
slope  in  2/3  sea  water  (P<,05) ,     See  Table  9, 

The  intercepts  of  these  regression  lines  for  F,   siirdlis  are 
minimal  in  l/3  sea  water  (0,^751)   and  increase  as  iB  -  Y\  increases. 
In  fresh  water,  the  intercept  increases  505^  to  0,7121,     Intercepts 
are  0.7526  and  0,9531  in  2/3  and  3/3  sea  water  respectively.     These 
correspond  to  increases  of  5Z«  and  101:^  over  the  intercept  in  l/3 
sea  water.     The  intercept  in  l/3  sea  water  differs  from  the  intercept 
in  2/3  sea  water  (P<,02)   and  from  the  intercept  in  full  sea  water 
(P<.001),     See  Table  9. 

The  glUs  of  F,  chrysotu^  v/ere  more  diffic\ilt  to  handle  because 
they  were  smaller  (1  -  20  mg  dry  weight)   than  gills  of  F,  slmilis 
(1  -  157  mg  dry  waight) .     Only  ^S^:,  (66  of  120)   of  the  excised  gills 
sur-^rLved  the  operation  and  consumed  03qy-gen  when  placed  in  the  res- 
piroraeters.     Therefore,  the  follovdng  results  are  of  questionable 
value. 

The  slopes  of  tlie  regression  of  log  oxygen  consumption-log  dry 
gill  weight  for  F,  clpr'ysotus  vai'y  neither  directly  nor  indirectly 
Td.th  JB  -  MJ  (FigTires  1?  -  20  avid  Ta'oie  10),     The  slope  is  minimal  in 


Figure  13.  Oxygen  consumption  of  excised  gills  of  F.  similis  in  fresh 
water  as  a  f-unction  of  dry  weight  of  gills.  Slope  = 
0.3151+0.1311.  Intercept  =  0.7121  +  0.1325,  Correlation 
coefficient  =  0,^7, 
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FigTxre  1^,  Oxygen  consumption  of  excised  gills  of  F.  siinills  in  l/3 
sea  water  as  a  function  of  dry  -weight  of  gills.  Slope  = 
0,5817+0.0673.  Intercept  =  0,^751  +  0.0685.  Correlation 
coefficient  =  0.8?, 
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Figxire  15 1     Oxygen  constunption  of  excised  gills  of  F,  ^imilis  in  2/3 
sea  water  as  a  function  of  dry  vraight  of  gills.     Slope  = 
0.41W-+  0.0764,     Intercept  =  0,7526+  0.0888.     Correlation 
coefficient  =  0,77.  "" 
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Figure  l6.  Oxygen  constnnption  of  excised  gills  of  F,  similis  in  full 
sea  water  as  a  function  of  dry  ■waight  of  gills.  Slope  = 
0.2^-53  +  0,0592.  Intercept  =  0.9531  +  0,0685.  Correlation 
coefficient  =  0,66, 
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TABLE  9 

STATISTICAL  COI'TARISONS  OF  SLOPES  AIJD  IlOTERCEFrS  OF 

THE  DOUBLE  LOGARITHl'lG  RELATIONSHIP  BETi-EEN  OXTOEN  CONSUl'FnON  Am 

DRY  VffilGffi?  OF  EXCISED  GILLS  OF  F.    similis  AT  FOUR  SALII-ITIES 


Comparison  Slopes  Intercopts 


f-l/3  P>.05  P>.05 

f-2/3  P>.05  .           P>.05 

f-3/3  P>.05  P>.05 

1/3-2/3  P>.05  *P<.02 

1/3-3/3  *P<,001  *P<.ooi 

2/3-3/3  *P<.05  P>.05 


"Considered  to  bs  statistically  significant. 


Figxire  17.     Oxygen  consvmiption  of  excised  gills  of  F»   chi'.ysotus  in 
fresh  water  as  a  f'Oiiction  of  dry  weight  of  gills • 
SloiDe  =  0.3^^36+  0.1216.     Intercept  =  0,6022+  0.0801, 
Correlation  coefficient  =  0.60, 
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Figta'e  18,     Oxygen  consumption  of  excised  gills  of  F.  chrysottis  in  l/3 
sea  water  as  a  function  of  dry  treight  of  gills. 
Slope  =  0.1383+  0,3^02.     Intercept  =  0.7599  ±  0,1991. 
Correlation  coefficient  =  0,11, 


20- 


65 


•«« 

^  10 

e 
o 

'i 

3       5 

c 

O 

u 

c 

9 

> 

O      2 


1/3  sea  water 


5 


10 


20 


Dry  Gii!  Weight -mg 


Figvire  19,  Oxygen  consumption  of  excised  gills  of  F,  chrysotus  in  2/3 
sea  water  as  a  function  of  dry  weight  of  gills. 
Slope  =  0.5173  +  0.1845.  Intercept  =  0.5533+  0.0979. 
Correlation  coefficient  =  0.59* 


(^1 


5"  20 


c 
o 

«* 

E 

3 

e 

9 
U 

s 
o 

> 


10 


•     ^« 


2/3  sea  watar 


^-J- 


2  5  10 

Dry  GUI  Weight  -  mg 


20 


Figure  20,  Oxygen  consmption  of  excised  gills  of  F,  chrysotus  in 
full  sea  water  as  a  function  of  dry  weight  of  gills. 
Slope  =  0,l^5Q^  ±  0.1315,  Intercept  =  0,6302  +  0.0937. 
Correlation  coefficient  =  0,67. 
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1/3  saa  water,  0,1383,     In  fresh  water,  it  increases  148^  to  0,3^1-36, 
In  2/3  soa  water,  the  slope  is  0,5173*  a  Z7^V^  increase*    Howover,  in 
full  sea  water  the  slope  drops  to  0.^58^i  a  231/^  increase  over  the 
slope  in  l/3  sea  water.     There  are  no  statistical  differences  a^ong 
these  slopes  (Table  11) , 

The  intercept  of  this  relationship  for  F,  chrysotus  is  mnimal  in 
2/3  sea  water,  0,5533,     It  increases  9^  to  0,6022  in  fresh  v;ater.     In 
1/3  sea  water  the  slope  is  msjjdisal  at  0,7599»  an  increase  of  38^  over 
the  slope  in  2/3  soa  water.     The  intercept  for  the  relationship  in 
fvQ.1  soa  vrater  is  0,6302,  55^  greater  than  the  intei'cept  for  the  re- 
latioiisliip  in  2/3  soa  wator.     Statistically,  none  of  these  intercepts 
differs  from  each  other  (Table  11) • 

Conparing  slopes  and  intercepts  at  each  salinity  for  the  two 
species  shows  that  the  intercepts  differ  in  sea  water  (P<,01) •     See 
Table  12, 

Tables  15  and  l^f'  show  the  aiaount  of  ojygen  consumed  hy  excised 
gills  of  various  sises  of  fish  in  four  different  salinities.     Gill 
vreight  is  calculated  for  each  size  fish  based  on  the  relationships  in 
Table  18,     Oj^gen  oonsuinption  is  darived  from  tha  relationships  in 
Tables  8  and  10,     For  a  suiall  F,   slmilis  (0.5  g) »   oxygen  consumption 
of  the  gills  increases  as  JB  -  I'|  ii^creases.     A  1,0  g  fish  also  shows 
increases  relative  to  l/3  sea  water  when  it  is  in  a  hyperosmotic 
medium,  but  there  is  no  rise  in  gill  o:^gon  consiuiiption  when  it  is  in 
a  hypoosmotic  n^diinn.     Fish  above  1,0  g  show  decreases  in 

gill  osygen  consumption  in  fresh  watar.  Fish  vtp  to  ca,  ^,0  g  show 
increases  in  gill  oxygen  consumption  during  hypoosmotic  regulation. 
Above  this  ^^^eight,  decreases  in  gill  oxygen  consumption  occur  and 
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TABLE  11 

STATISTIC./iL  COI-!PARISONS  OF  SLOPES  ^IID  lOTERCEPTS  OF 

THE  DODELE  LOGARITKIC  RELATIONSHIP  EETVJEEN  OXTGEN  CONSroK-ION  AND 

DRY  WEIGHT  OF  EXCISED  GILLS  OF  F.    chrysotus  AT  FOUR  SALINITIES 


CoBiparison  Slopes                                            Intercepts 

f-1/3  P>.05  P>.05 

f-2/3  P>.05  J^.05 

f-3/3  f>.05  P>.05 

1/3-2/3  P>.05  P>.05 

1/3-3/3  R>.05  P>.05 

2/3-3/3  P>.05  P>.05 

*Considered  to  ho   statistically  significant. 
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TABLE  12 

IKTERSPSCIFIC  STATISTICAL  COMPARISONS  OF  SLOPES  AIID  IIWERCEPTS  OF 

THE  DOUBLE  LOGARITHMIC  R'^LATIOIISHIP  BETi-EEN  OXYGEN  CONSUliPTION  AND 

DRY  i'&TGITT  OF  EXCISED  GILLS  AT  FOUR  SALINITIES 


Kedium  Si ops s  Intercepts 


f  P>.05  P>.05 

1/3  P>.05  P>.05 

2/3  P>.05  P>.05 

3/3  P>.05  *P<.01 


♦Considered  to  be  statistically  significant. 
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become  gi-eater  as  |b  -  k|  increases.  The  results  for  F,  chrysotus 
show  increases  in  gill  o>ygen  constaiiption  relative  to  l/3  sea  water 
for  all  fish  in  full  sea  water  aiid  for  fish  lai'ger  than  0,5  g  in  2/3 
sea  water,  A  0,5  g  fish  shows  a  decreased  gill  oxygen  consumption  in 
2/3  sea  water.  Fish  weighing  1,0  g  or  less  have  depressed  oi<ygen 
consurnptions  in  fresh  water.  Fish  x-reighing  1.5  g  or  2.0  g  show  in- 
creases in  gill  oxygen  consumption  in  fresh  water. 

Oxygen  consumption  of  excised  gills  increases  less  than  propor- 
tionately as  dry  gill  weight  increases.  Slopes  range  from  0,2^53  to 
0,5817  for  F,  siiAlis  and  from  O.I383  to  O.5173  for  F.  chrysotus. 
Studies  of  Weymouth  et  jl,  (19^),  Bertalanffy  and  Pei'ozynski  (1951, 
1953)  and  Vernberg  (195^i  1956)  state  that,  at  least  in  some  tissues, 
weight  specific  metabolic  rate  decreases  as  body  siae  increases. 
More  specifically,  studies  with  gill  tissue  by  Dehnel  and  McCanghran 
(196^)  and  Holmes  and  Stott  (I96O)  have  indicated  slopes  of  0.83  and 
0,86  respectively.  These  are  considerably  greater  than  the  slopes 
found  in  this  study. 


Cpjlggj!isp^  of  Variations  "in  Oxy.g^en  Consvmptiqr)  of 
Intact  Animals  and  Excised  Gills 


Changes  in  oxsj-gen  consunqation  of  intact  animals  do  not  parallel 
changes  in  oxygen  consuciption  of  excised  gUls  as  a  function  of 
salinity  (Table  I5) .  In  fresh  water,  intact  F,  jiimilis  shows  reduc- 
tions in  oxygen  consurrption  of  animals  weighing  less  than  ^,0  g. 
Animals  below  1.0  g  show  increased  gill  oxygen  consumptions,  but 
animals  above  1.0  g  show  decreased,  gill  oxygen  consvutiptions .  In  2/3 
sea  water,  increases  in  the  oxygen  consumption  of  intact  animals  are 
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TABLE  15 

COT'T>ARISON  OF  PFilCEilT^GS  Ca^LJGE  IN  OXTCEN  CONSDT-iFTION  OF 
DJTACT  ANIl-J'iLS  A.ND  EXCISED  GILLS  AS  A  FUKCTIOK  OF  Sj\LIiaTY 


Fundulus  s: 

i.nilis 

F\ind\iLti^  chrysotu5 

s 

wt 

(g) 

Intact 
animal 

Excised 
gill* 

Wt 
(g) 

Intact 
animal* 

Excised 
gill* 

i:,3:;6sh,  water 

+19.5^ 

0.50 

fresh  water 

0.50 

-33.9^ 

-15.?^ 

1,00 

-23.2:^ 

0.0^ 

0.75 

-3.6^ 

"^M 

2.00 

-12.65S 

-17.0$g 

1.00 

-3.^ 

-3.15^ 

'>.00 

+0.^ 

-31.0^ 

1.50 

-2.8^ 

+5.(^ 

10.00 

+21.155 
2/3  sea  1 

\'^ater 

-46.0^ 

2.00 

-2.2$5 

2/3  sea  water 

+11.^ 

0.50 

+1.6f. 

+50.055 

0.50 

-if.O^ 

-11.^ 

1.00 

^5M 

+3^,0^ 

0.75 

-1.^ 

+3.3i^ 

2.00 

+9.2^ 

+19.0^ 

1.00 

0.055 

^\hM 

^.00 

+13.1^ 

+6.6^ 

1.50 

+2.8^ 

+32.9^ 

10.00 

+18.^ 

-8.^^ 

2.00 

+5.055 

+^7.9^ 

3/3  sea  water 

3/3  sea  water 

0.50 

+  25.0^ 

+89. (^ 

0.50 

-30.655 

+o.5$5 

1.00 

+  33.9^ 

+51.C^ 

0.75 

-26.0^ 

+1^.055 

2.00 

+^1.^ 

+19.055 

1,00 

-22.6^ 

+2i^.5^ 

^.00 

+50.6^ 

-5.^ 

1.50 

-17.5^ 

^k\,\i 

10.00 

+63.8^ 

-30.1^ 

2.00 

-12.^ 

+5^,1^ 

*Data  are  given  as  a  percentage  change  in  oxygen 
ramption  relative  to  oxygen  consumption  in  l/3  sea  water. 
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present  in  all  sizes  of  fish  a:od  tha  percentage  increase  bocoinas 
larger  as  bod;^'-  size  increasest  Oxygen  consumption  of  excised  gills 
also  shows  increases,  but  the  percentage  decreases  X'dth  increasing 
body  size,  lontil  at  10,0  g  there  is  an  8,U'p   reduction  in  gill  ojEygen 
consumption.  In  3/3  sea  water,  all  F,  similis  show  increased  oxygen 
consumption  by  intact  ardraals  and  the  percentage  change  relative  to 
1/3  sea  water  increases  td.th  increasing  body  size.  Fish  vreighing 
2,0  g  or  lea,?  show  increased  gill  oxygen  consuirption,  but  ^,0  and 
10,0  g  fish  show  deci'eased  gill  oxygen  consumption. 

All  sizes  of  F,  clirysotus  show  decreased  oxygen  consumption  of 
intact  animals  in  fresh  water.  Animals  "i-reighing  1,0  g  or  less  also 
show  decreased  gill  oxygen  ccnsuTiption,  However,  animals  ■weighing 
either  1,5  or  2,0  g  show  increases  in  gill  oxygen  consumption.  In 
2/3  sea  water,  oxygen  cons\irnption  of  intact  animals  decreases  for 
aidmals  of  less  than  1,0  g  and  increases  for  animals  x-ieighing  more 
than  1,0  g.  Oxygen  consumption  of  gills  of  animals  of  all  sizes 
except  0,50  g  shows  increases.  In  3/3  sea  water,  oxygen  consumption 
of  intact  animals  of  all  sizes  is  reduced, v;lTile  gill  ojgrgen  consuitrption 
of  all  animsls  is  elevated,     .       '      . 

There  is  no  apparent  correlation  between  changes  in  oxygen  con- 
sumption of  intact  anbtials  and  changes  in  oxygen  consumption  of 
excised  gills  for  either  of  the  species. 

Apparent  Fe mo  ability 

Apparent  permeabilities  which  have  been  calculated  with  the 
equation  of  Potts  (195^)  are  given  in  Tables  16  and  17,  In  all 


2.00 


10. 00 
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TABLE  16 

APPAREIIT  PSPJEABILITY  OF  F.   sin-ilis  AS  A 
FUllGTION  OF  BODY  SIZE  MD  SALIlfXTY 


B-M  =  +31^  B"H  =  +25^ 

Perraoabillty      change     Permeabili-t, 
(g)        (inm2)        (I'/inm^-M-hr)        ^       {li/mm^-n-lvc) 


Wt     Surface  area    Perraoabillty      change     Permeability 


0.50        150        ^.11  X  10-^      -99. (^     3.8^  X  10"^ 
1,00         251        2.82  X  10"^      -99.1^     3.17  X  10"^ 


i^90       1.93  X  10"^      -99.3^     2,61  X  10"^ 


^,00        887       1.32  X  10"^      -99.^     2,51  X  10"^ 


1,9^1       0.80  X  10"^     -99.55^     1.66  X  10"'* 


ifDiffer^nce  betvreen  the  medium  concentration  and 
blood  plasma  concentration  in  milliosraoles/liter,   . 

lioles  per  sqiiai^e  millimeter  per  molar  concentration 


difference  per  ho\ir. 
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TABLE  16  (Extended) 


3-M  =  -317^ 

B-M  =  -60/ 

charge 

Permeability* 
(I-i/tmu^-M-hr) 

Permeability* 

(M/inm2-K-hr) 

change 

- 

5»Q(>  X  10"^ 

-98.7^ 

2,23  X  10"° 

-99.^ 

- 

3.72  X  10"^ 

-98.8^ 

1.^  X  10"^ 

-99.5^ 

- 

2.73  X  10"^ 

-99.0^ 

0.95  X  10-^ 

-99.6^ 

- 

2.00  X  10"^ 

-99.1^ 

0.62  X  10'^ 

-99.7^ 

- 

1.33  X  10"^ 

-99.25 

0.35  X  10"^ 

-99.^ 
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TABLE  17 

APP/J^JiNT  PERl^lE^ILITY  OF  F.   chrysot-os  AS  A 
FUI'ICTION  OF  BODY  SIZE  AIID  S^U,INITY 


B-H  =  +231# 

B-M  =  +66^^ 

wt 

(g) 

Surface  area 

Pemieability* 
(li/ran'^-Ii-hr) 

change 

Permeabilitv* 
(i'./Dm2-Il-hr) 

0.50 

102 

^.36  X  10-^ 

9^^.5^ 

7.86  X  10--5 

0.75 

16^ 

3.11  X  10-^ 

9^.0^ 

5.1^  X  10-5 

1.00 

230 

2.^5  X  10"^ 

93.6^ 

3.82  X  10-5 

1.50 

371 

1,73  X  10"^ 

93.15S 

2.51  X  10-5 

2.00 

520 

1.35  X  10"^ 

92.7^ 

1.85  X  10-5 

■'TDifferenco  betvjeen  tho  nediiim  concentration  and 
blood  plasma  concentration  in  milliosmoles/liter. 

*Iioles  per  square  nri.llimeter  per  molar  concentration 
difference  per  hovir. 
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TABLE  1?  (Extended) 


B-M  =  -201^  B-M  =  -68/ 

change     Permeability*  change  Permeability*  change 

i>  (M/ram^-K-hr)         i  (M/Em^-M-Iir)         $ 

1.16  X  10"-5  35.3^      1.1?  X  10""^  98.5^ 

8.79  X  10"^  82.^      8.73  X  10"''  98.;^ 

7.25  X  10"^  81,0^       7.05  X  10' "^  98.^ 

5.51  X  10"*^  78.0^      5.26  X  10"''  98, (^ 

/J-.53  X  10"^  75.5^      ^.25  X  10"''  97.75^ 
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salinities  for  both  species,  the  smallest  fish  have  the  greatest 
permeabilities.     Percentage  decreases  relative  to  permeabilities  in 
1/3  sea  water  are  also  given  in  Tables  I6  aiid  17.     The  percentage 
decrease  from  I/3  sea  water  increases  with  body  sise  in  all  salinities 
for  F.  siinilis .     For  F,  cbrysotus ,  this  factor  decx-eases  with  body 
size  in  all  salinities. 

Anatomical  Relationships 

The  log  gill  surface  area=-log  body  vreight  relationship  for  . 
F.  jigj-lis     indicates  that  gill  surface  area  increases  less  than 
proportionately  as  body  weight  increases  (Figure  21  and  Table  18) , 
The  slope  equals  0.8^1-57  and  the  intercept  is  2,'4-330»     A  similar 
analysis  for  F,  chrysotus  shows  that  gill  surface  area  increases 
rcore  than  proportionately  as  body  Tveight  increases.     The  slope  equals 
1.1753  and  the  intercept  is  2.3623  (Figure  22  and  Table  18).    The 
slopes  differ  statistically  from  each  other,  as  do  the  intercepts 
with  P<,01  in  both  cases  (Table  Zk) , 

The  most  notable  studies  concerning  gill  starface  area  of  fishes 
are  by  Gray  (1954) ,  Steen  and  Kruysse  (1964) ,   and  Hughes  (I966) . 
Gray  (195^)   found  surface  ai'eas  ranging  from  188  nm^/g  for  Lophopsetta 
maculatus  to  1773  mra^/g  for  Brevoortia  tyr annus .     Steen  and  Kruysso 
(1964)   found  that  a  550  g  eel  had  530  cm2  of  gill  surface  area  or 
1,075  liETi^/g,     Hughes  (1966)   foiiTjd  surface  areas  ranging  from  I68  mm^/g 
for  a  24  g  Callionymlus  lyra     to  845  rom^/g  for  an  85  g  Clupea  harengus. 
The  surface  area  of  F.   similis  ranges  from  154.3  mm^/g  for  a  9t25  g 
fish  to  313.4  mn^/g  for  a  l.'f6  g  fish.     The  surface  area  of  F,  chry- 
sotus ranges  from  148.6  mm^/g  for  a  0,36  g  fish  to  2 79 #7  iron^/g  for  a 
3.88  g  fish. 


FigTora  21,     Siorface  area  of  gills  of  F,   sipuJLls  as  a  function  of  body 
weight.     Slops  =  0,8/+57  +  0.0307,     Intercept  =  2.^330  jh 
0,020^,     Correlation  coefficient  =  0,99, 
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Figtire  22,  Sm'faco  area  of  gills  of  F.  .cju^^sotus  as  a  function  of 
body  weight.  Slope  =  1.1753'±o70295,  Intercept  =  - 
2,3623  +  0,0133.  Correlation  coefficient  =  0,99, 
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TABLE  19 

INTERSPECIFIC  COMPARISON  OF  SLOPES  AND 
INTERCEPTS  OF  AIUTOI^n:Ci\L  RSLATIONSIUFS 


Relationship  Slopes  Intercepts 

SvTfs.ce   aroa-Body  \jt^  *P<.01  *P<.01 

Dry  gill  vd;-Eody  ^rt"^        ^      P>.05  *P<,001 

*  Double  logarithDrLc  relationship, 

*  Considered  to  be  statistically  significant. 
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Only  Pi'ice  (1931)  has  previously  studied  the  gill  surface  area 
of  a  fish  as  a  function  of  body  weight  and  lias  found  a  slope  of  0,78 
for  Micropterus  dolomieu.  This  is  lower  than  the  slopes  of  0.8^6  for 
F,  similis  and  1,175   for  F.  chi\ysotus. 

Dry  gill  vjeight  increases  proportionately  with  body  weight  in    * 
^t^Z*  similis  and  F.  chrysotus  (Figures  23  and  2k),     The  slopes  are 
0.98?^^  for  F.  similis  and  O.967I  for  F,  chr;£sotus.  These  are  not 
significantly  different  from  each  other  (F>.05) .  The  intercepts  of 
this  relationship  are  0,8940  for  F,  similis  and  0,7021  for  F,  chrysotus. 
The  intercepts  are  significantly  different  from  each  other  (P<.001) , 

These  anatomical  relationships  and  statistical  comparisons  are 
reviewed  in  Tables  18  and  19, 


Figtire  23.  'Dry  vreight  of  gills  of  F,  slriilis  as  a  function  of  body 
TOlght.  Slope  =  0,987^  +  0.05'45,  Inter  cept  =  0.89')O  + 
0,0201,     Correlation  coefficient  =  0,89, 


92 


ai     0.2 


Body  Weight— g 


FigTire  Zk,     Dry  weiglit  of  gills  of  F,  clir^rsotus  as  a  function  of 
body  vraight.     Slope  =  0~9^  +  0.1022.     Intercept  = 
0,7021  +  0.028^,     Correlation  coefficient  =  0,65, 
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DISCUSSION 

The  capacity  for  precise  osmoregulation  is  required  of  fish 
living  in  v:aters  of  rapidly  fluctuating  salinity  if  conforming  to  tho 
external  concentration  irseans  trespass  across  the  internal  limits  of 
tolerance.  In  waters  of  stable  salinity,  there  is  little  advantage  in 
being  able  to  osraoregulate  over  a  wide  range  of  salinity,  especially 
if  such  osmoregulatory  ability  requires  additional  energy  to  maintain 
the  involved  mechanisms.  F.  sirAlis,  which  naturally  lives  in  waters 
of  Tvidely  varying  salinity,  can  regulate  blood  plasma  concentration 
precisely.  Large  populations  of  F,  chrysotus  inhabit  fresh  water  only. 
This  species  possesses  a  less  precise  pattern  of  regulation.  In  the 
fresh-water  environment,  individuals  nay  be  effective  stenohaline 
hyperregulators,  but  they  are  not  necessarily  the  best  regulators 
over  a  wide  range  of  salinities. 

The  concentration  of  tha  blcod  plasma  of  F,  similis,  livi.ng  in 
sea  water,  is  ca.  390  mosm/liter.  Tliis  is  comparable  to  other  values 
for  salt-water  fishes  (Carrey,  1905;  Dakin,  I908;  Duval,  1925t  Black, 
1951 I  Vinogradov,  1953?  Black,  1957;  Hickman,  1959).  The  concentration 
of  the  blood  plasma  of  F,  chrysotus,  living  in  fresh  water,  is  2^6 
EKJsm/liter,  This  is  comparable  to,  but  slightly  lower  than,  values 
for  other  fresh-water  teleosts  (Duval,  1925;  Krogh,  1939;  Black,  1951 I 
Robertson,  195^;  Black,  1957).  This  slight  depression  may  result  from 
a  reduced  energetic  expenditure  in  fresh  water. 
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The  pattorn  of  regijlation  found  for  F .  slmilis  has  boon  reported 
for  othor  teleosts  (Duval,  1925;  Keys,  1933;  Hicl«anan,  1959}  Gordon, 
196^-1   Valsntine  and  Miller,  19^9) .  Tho  pattorn  of  a  gradual  increase 
in  blood  plasma  concentration  up  to  sowe  critical  saliiiity,  follot-rad 
by  a  sudden  decrease,  tras  shot-rn  for  F.  ci^;£s^us.  Lotan  (1966)   has 
previously  described  a  similar  pattern  for  Tilapia  aurea  and  has  con- 
cluded that  the  stidden  decrease  in  blood  plasma  concentration  may  ba 
the  result  of  decreased  percieability.  The  depressed  ojqygen  consump- 
tion of  intact  F.  chrysotus  in  full  sea  water  may  be  the  result  of 
decreased  permeability,  Stanlej'-  and  Fleming  (19^6)  have  found  this 
pattern  of  regylation  in  Fomdijlns  kgnsao  when  fish  are  rapidly  trans- 
ferred from  fresh  water  to  x^ater  of  higher  salirdty,  Hovraver,  when 
fish  are  completely  acclimated  to  sslinity,  F,  ksjisae  reg\3lates  in  a 
fashion  similar  to  F,  similist 

Z*  £^£S2££H§-^^  ecologically  a  stenohaline  fresh-xfater  species, 
but  it  possesses  a  pattern  of  regulation  siira.lT.r  to  T*  s^^^   ard  - 
F,  k^nsaa,  both  of  vriiich  are  euryhaline  species,  F,  clu'ysotits  has 
the  physiological  capacity  to  surviv-)  indefiiiitely  in  x-rat-ers  of  high 
salinity  and  its  energy  expenditure  is  similar  to  thvit  of  F,  similis. 
However,  only  occasional  fish  3.ve   foiond  under  such  conditions  normally. 
Some  other  factor  of  an  ecological  or  physiological  nature,  such  as 
competition  for  food  or  salinity  tolerance  of  the  eggs,  must  be  ajripor- 
tant  in  limiting  the  range  which  F,  .^2ZS2iHS  normally  inhabits, 

A  possible  error  in  the  blood  plasma  concentration  studies  arises 
from  the  fact  that  most  sa^^rples  from  F.  jimills  were  larger  than  those 
from  F,  clirysptus ,  This  xms  unavoidable  Ibe-cause  of  the  difference 
between  the  size  ranges  of  tho  two  spocies. 
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In  Tables  6  and  7,  salinity-depondont  changes  in  the  oxygen  con- 
sumption of  intact  animals  do  not  appear  to  be  correlated  vdth  chansQs 
in  osmotic  work  for  the  folloid.ng  reasons i 

1,  Assuming  Potts  (195^)  and  Fotts  and  Party  (1964)  have 
correctly  estimated  the  energy  necessary  for  osmotic 
work,  the  changes  in  oxygen  consumption  of  intact  ani- 
mals are  too  lai-go  to  be  es^lained  by  differences  in 
ion  transport.  Potts  (195^)  has  stated  that  between 
0,3^  and  1.^  of  the  total  energy  requirement  is  used 
for  osmotic  irark.  Potts  and  Parry  (19^4)  have  estimated 
2^  for  tliis  value  and  further  have  claimed  that  I 

...the  inol^^ase  in  metabolism  consequent  on 
the  increased  ion  transport  would  not  be 
detectable  against  the  backgrouiid  of  the 
metabolism  of  the  ^vhole  animal,  (pt  337) 

F,  jpjoJLis  show  changes  in  intact  animal  oxygen  con- 
sumption ranging  from  a  3^o  docrease  for  a  0,5  g  ani- 
mal in  fi*esh  water  to  a  64?5  increase  for  a  10,0  g 
animal  in  sea  water,  ?,  chrysotus  values  range  from 
a  31^  decrease  for  a  0,5  g  animal  in  sea  vrater  to  a 
5^  increase  for  a  2.0  g  animal  in  2/3  sea  water, 

2,  Thei*e  is  no  change  in  the  oxygen  consumption  shown 
hj   a  1,0  g  F.  chrysotus  in  2/3  sea  water  even  though 
Ib  -  m|  has  increased  to  three  times  what  it  v;as  in 
l/3  sea  water, 

3,  There  are  large  decreases  in  oxygen  consun^tion  shown 
by  F,  similis  in  fresh  water  and  F,  chrysotus  in  sea 
water.  If  changes  in  intact  animal  oxygen  constrnqition  . 
are  associated  with  changes  in  osmotic  work,  then  as 
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|B  -  K|  increases,  o:j<ygen  consixtnption  should  also 
increase  unless  permeability  is  varying. 

Significant  changes  in  the  ojcygen  consujnption  of  intact  animals 
as  a  function  of  salinity  may  i^svilt  from  changes  in  activity. 
Both  spscies  shovj  the  loiTOst  rates  of  oxygen  consumption  when  placed 
in  water  of  the  salinity  which  they  are  least  likely  to  encounter  in 
nature,  F,  jSi^^otus  in  ftill  sea  water  and  F,  sliailis  in  fresh  water 
have  depressed  ozygen  consumptions  relative  to  values  in  l/3  sea  water, 
I  have  observed  that  fish  under  these  conditions  lie  quietly  as  if 
under  too  much  stress  to  move.  Spoor  (19^^.^)  has  shotm  that  variations 
in  activity  affect  the  oxygen  consumption  of  fish.  Therefore,  intact 
animals  under  the  greatest  osmotic  stress  shoijld  corisume  oxygen  at  low 
rates  because  they  are  inactive.  Because  of  the  magnitudes  of  the 
changes  in  oi^ygen  consucrption  of  intact  fish  and  the  fact  that  they 
consuEie  the  smallest  amounts  of  oxygen  when  tinder  the  greatest  osmotic 
stress,  oxygen  consumption  of  intact  animals  appears  to  be  a  function 
of  something  other  than  osmotic  vrork,  probably  of  activity. 

The  magnitudes  of  the  changes  in  gill  oxygen  consumption  are 
more  reasonable  as  estimates  of  osmotic  irork.  At  20"^  C,  F,  simj-lis 
gills  show  variations  in  oxygen  consuitiption  ranging  from  a  ^6^ 
decrease  (4,0^  of  intact  animal  oxygen  consumption)  by  a  10,0  g 
fish  in  fresh  water  to  an  89^  increase  (5»9^  of  intact  arlmal  oxygen 
consiimption)  ty  a  0,5  g  fish  in  sea  vrater.  Oxygen  consumption  of 
F,  chgysotus  gills  at  20°  C  ranges  from  a  15»7f^   decrease  (1,1^  of 
intact  animal  oxygen  consumption)  by  a  0,5  g  fish  in  fresh  water  to 
a  5'''«1^  increase  (3«1^  of  intact  animal  oxj'gen  consumption)  by  a  2,0  g 
fish  in  sea  water.  Although  these  changes  in  oxygen  consimrption 
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aro  of  tho  proper  sizo  to  account  for  changos  in  osnotic  uork,  thsir 
direction  is  not  always  parallel  to  the  chaiigos  in  \B  -  Ml  .  Some 
decreases  in  gill  oxygon  consumption  occva'  as  |B  -  Vi\   inci^sases.  At 
least  tiv-o  explanations  are  possible, 

1,  Potts  and  Pai'ry  (19^)  have  stated: 

..»it  is  possible  that  transport  systems  can 
adjust  to  different  demands  either  by  'changing 
gear*  at  each  transport  site,  or  by  having  a 
vai'iety  of  sites  of  different  capacity,  (p,  39) 

Thus  an  identical  amoiont  of  oxygon  consvimption  can  result 

in  various  amounts  of  salts  being  transported  depending 

on  the  demands  placed  on  the  system, 

2.  Smith  (1967)  has  suggested  that  permeability  of  membranes 
msy  Ysry  as  a  function  of  salinity.  If  gill  permeability 
is  decreased  stifficiently,  then  it  is  possible  for  a 
decreased  ener^r  expenditure  to  be  associated  Xifith  an 
increase  in  |B  -  M| • 

Both  factors  may  bo  responsible  for  the  fact  that  changes  in 
gill  o:>ygen  consimption  do  not  consistently  parallel  the  changes  in 
|B  -  k|  .  Since  this  study  was  not  carried  out  on  an  ion  flux  level, 
the  first  factor  cannot  be  considered,  Bitt  gJJJL  permeability  can  bo 
calc\3lated  according  to  Potts  (195^+) »  as  outlined  in  the  materials 
and  methods  section.  Because  the  possibility  of  a  trarisport  ptunp 
with  a  changing  efficiency  is  not  considered  in  tliis  paper,  these 
permeabilities  are  better  termed  apparent  pennoabilities. 

A  necessary  assumption  in  calculating  penaeabilitios  in  this 
manner  is  that  salt  gained  by  the  gills  equals  salt  lost  by  the  gills i 
For  a  fish  in  a  hypoosmotic  medium,  this  means  "wb  must  assume  that 
salt  lost  in  the  urine  equals  salt  gained  through  the  intestinal 
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tract.  Since  thesG  two  values  are  small  both  quantitatively  and 
energetically  relative  to  flujc  through  the  gills  (Grafflin,  1938 1 
Potts,  195^5  Black,  \^51)  %   this  is  a  reasonable  assumption.  In  a 
l:^yperosriiotic  medixim,  the  urine  of  fishes  is  nearly  isosmotic  to  the 
blood  (Bald'win,  19^-8) ,  The  ld.dney  neither  dilutes  nor  concentrates 
the  blood,  SwalloTd.ng  as  an  iniportant  osmoregtilatory  mechanism  in 
sa3.t  water  was  first  suggested  by  Smith  (1930)  •  Recently,  Potts  and 
Evans  (1966,  196?)  and  Hotais  and  Maetz  (196^)  have  questioned  the 
relative  importance  of  drinking  sea  water.  Potts  et  jl,  (196?)  have 
estimated  that  13.3/0  of  sodium  influx  in  THapia  mossambica  is  through 
the  gut  when  the  fish  is  living  in  100^  sea  imter,  ifO-though  drinking 
is  essential  in  sea  iJ'ater,  it  is  of  much  less  importance  quantitatively 
than  gill  activity.  Because  the  intestinal  tract  does  play  some  role 
in  hypoosmotic  regulation,  work  estimated  for  fish  in  salt  v.'ater  ts>3^ 
be  a  little  lovr  and  therefore  apparent  permeability  may  also  be  low. 

For  both  species,  the  apparent  permeability  is  greatest  in  water 
that  is  nearest  to  being  isosmotic  with  the  blood  plasma  (Tables  l6 
and  17)  •  Apparent  permeability  decreases  as  [B  -  MJ  incite ases.  If 
we  assume  that  gas,  ion,  and  water  permeabilities  are  related  to  each 
other,  this  suggests  that  gill  permeability  is  a  compromise  boti^en 
gas  exchange  and  osmoreguLation,  A  higlily  permeable  gill  is  desirable 
for  gas  exchange  and  a  relatively  impermeable  gill  is  a  reqiiirement 
for  precise  osmoregulation.  When  the  concentration  gradient  between 
the  blood  plasma  and  the  external  medium  is  low,  the  fish  gill  is 
highly  permeable,  alloxdJig  enhanced  gas  exchange,  HoxTOver,  if  the 
concentration  gradient  is  great,  the  fish  gill  becomes  more  imperme- 
able, decreasing  the  energy  necessary  for  osmoregulation. 
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In  both  s'pocXes,  apparent  pemieability  decreases  with  increasing 
body  size  at  all  salinities,     Tliis  result  soeins  I'oasonable  for 
F,  chrysotus  because  its  sui^face  area  per  unit  weight  increases  as 
body  i>^ight  increases.     F.   similis  shows  a  decrease  in  both  apparent 
permeability  and  vrolght  specific  siirface  area  as  body  i-raight  increases. 
This  enables  large  meir^bers  of  tliis  species  to  regiilate  at  reduced 
energetic  costs. 

Potts  (195^0   has  given  values  for  KA  (surface  area  X  permeability), 
osmotic  work  (cal/g-hr)   and  its  percentage  of  the  total  energy 
expenditure.     These  values  are  given  in  Table  20,     The  KA  factor  varies 
from  3.312x10       to  1,^2x10"     moles/molar  concentration  difference-hr. 
In  this  study,  KA  varies  from  3.85X10'*^  to  3.23X10"1  moles/molar 
concentration  difference-lir  for  F,   similis  (Table  21)   and  from  1,20X10 
to  9t62X10~3  moles/molar  concentration  difference-hr  for  F,  cbiysotus 
(Table  22) .     Potts  has  given  values  for  osmotic  work  varying  from 
2.4m0-^  to  1.26X10"3  cal/s-hr.     F.   similis  uses  9.69X10-3  to  1,21X10-^ 
cal/g-hr  and  F,  chrri'-sotus  uses  from  l,90iaO"^  to  6.32X10"2  cal/g-hr. 
These  values  are  larger  for  tvjo  reasonsi 

1.  Potts  discusses  values  for  60  g  animals.     Values 
given  for  this  study  are  for  F.  simdJlis  vreighing 
from  0.5  g  to  10.0  g  and  for  F«  chrysotus  ^reighing 
from  0.5  gto-2,0  g.     That  these  values  decrease 
vdth  increasing  body  size  may  be  seen  in  Tables  21 
and  22. 

2,  Potts  states  that  his  values  are  thermodynamically 
minimal  for  performing  the  necessaiy  osmotic  work. 

Osmotic  work  varies  as  a  percentage  of  the  total  work  expenditttre  from 
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TABLE  20 
ENERGI  EXPENDITURE  FOR  OSMOREGULATION  (POTTS,  195^) 


Species  KA*  Osmotic  iTOrk  $  total  energy 

(m/  K-hr)  (cal/g-hr)  expend! tiore 

Pot^MiiS  2.307  X  lO-'*  6.11  X  10°^  0.:^ 

Eriocher  3.312  X  lO"^  1.26  X  10-3  0.55^ 

Anodonta  1.^^20  X  10"2  2,^1  X  10"^  \,7$ 

*  Permeability  tijnes  surface  area  in  moles  per 
molar  concentration  difference  per  hoiir. 
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TABLE  21 
©JERGT  EXPENDITURE  OF  F.  siirulis  FOR  OSIDREGULATION 


Salinity 

KA*          Gill  Activity 
(H/M-hr)          (cal/g-hr) 

^  total  energy 
expenditure 

(0.50  g  fish) 

f 

6.17  X  10"^       7.62  X  10-2 

1*^.9:^ 

1/3 

5.76  X  10-2       7,35  X  10-2 

8.3^ 

2/3 

7.61  X  lO"'*       9.60  X  10-2 

\2,Jh 

3/3 

3.85  X  10-^       1.21  X  10-1 

12.^ 

(2.00  g  fish) 

f          9.45  X  10-^        2.93  X  10-2  8.8^ 

1/3        1.28  X  10-1       3,_52  X  10-2  9,3^ 

2/3         1.35  X  10"^        4.23  X  10-2  10.2^ 

3/3         4.66  X  10"^        4.22  X  10-2  7,8^ 

(10.0  g  fish) 

f        1.55  2  10-3      9.69  X  10-3  z^.^ 

1/3         3.23  X  10-1        i^og  X  10-2  10,7^ 

2/3         2.58  X  10-3        1.63  X  10-2  8.:^ 

3/3         6.79  X  10-^       1.25  X  10-2  \^^(^ 


Permeability  times  surface  area  in  moles  per 
molar  concentration  difference  per  hour. 
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TABLE  22 

MERGI  EXPENDITURE  OF  F.    clirysotus  FOR  OSMOREGULATION 


Salinity 

KA*            Gill  Activity 
(M/  M-hr)          (cal/g-hi-) 

fj   total  energy 
expenditure 

(0.50  g  fish) 

f 

kM  X  10"^         5.30  X  IQ-^ 

5.8^ 

1/3 

8,01  X  io~3       6.30  X  10"^ 

6.69^ 

2/3 

1.18  X  10"^         5.60  X  10"^ 

6.2?^ 

3/3 

1,20  X  lO"'*         6.32  X  10"^ 
(1.00  g  fish) 

9.69^ 

f 

5.63  X  10"'''       3.35  X  10'^ 

5.80^ 

1/3 

8.78  X  10"^       3.^1-5  X  10""^ 

5.80^ 

2/3 

1,6?  X  10"^       3.96  X  lo"*^ 

6.65^ 

3/3 

1.62  X  10"^         /f.30  X  10""^ 
(2.00  g  fish) 

9.32^ 

f 

7.02  X  10"^         2.10  X  10"^ 

5.69^ 

1/3 

9.62  X  10°^         1.90  X  10"^ 

5.0^ 

2/3 

2.36  X  10"^         2.80  X  10"^ 

7.07^ 

3/3 

2,21  X  10"^         2.92  X  10"^ 

8.88^ 

Permeability  tines  surface  area  in  moles  per 
molar  concentration  difference  per  hoixr. 
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Otjf:,   to  1,7$   according  to  Fotts,  In  the  present  study,  oxygen  con- 
sumption of  e::cised  gills  vai'ies  from  Ur,&^i   to  1^.9;^  of  the  total 
oxygen  consunrption  for  F.  s^a^ilis  and  from  5»'^fi   to  9»?/^  of  the  total 
oxygen  consur^tion  for  F,  cl-irysotus .  These  values  are  also  higher 
than  those  of  Potts  duo  to  differences  in  siaes  of  the  animals  and 
the  efficiencies  of  the  systems. 

Data  in  Table  ZL  and  22  suggest  that  F.  similis  pays  a  higher 
price  for  its  precise  pattern  of  osmoregulation  than  F,  chrysotus_  _ 
pays  for  its  sloppy  pattern  of  regulation.  Comparing  fish  of  equal 
sizes,  the  differences  in  energetic  costs  can  be  estimated.  The  gills 
of  0,5  g  and  2.0  g  F,  sinilis  utilise  more  energy  than  gills  of  0.5  g 
and  2,0  g  F,  ciu^y'sotus  at  all  salinities.  The  diffei*ence  ranges  from 
1.06X10'-2  to  5.89:a0"^  cal/g-hr  for  a  0,5  g  fish  and  fi^sra  0.83X10~2  to 
1.62X10"2  cal/g-hr  for  a  2.0  g  fish.  As  body  size  increases,  the 
discrepancy  betvjBen  the  price  for  precise  regiilation  and  sloppy 
regulation  decreases. 

Changes  in  the  oj^ygen  consiinqjtion  of  intact  animals  do  not 
consistently  parallel  changes  in  the  o:^ygen  consvjription  of  excised 
gills  because  they  axQ   directly  dependent  upon  different  variables. 
Oxygen  consuLiption  of  intact  animals  depends  primarily  upon  the 
degree  of  musctilrr  activity  (Spoor,  19^6),  That  activity  is  a  function 
of  salinity  has  been  suggested  in  a  previous  paragraph  by  the  fact 
that  animals  voider  the  greatest  osmotic  stress  are  jmactive  and  consura 
small  amounts  of  oxygen.  It  is  assuned  that  a  major  factor  determining 
the  oxj-gen  consumption  of  excised  gills  is  the  amount  of  osmotic  vrork 
being  performed  -s^rich  in  tiirn  is  a  f\anction  cf  salinity.  Although 
oxygen  consur^jtion  of  excised  gills  is  a  fimction  of  osmotic  work,  the 
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relationsMp  is  not  a  sirrrple  one  as  tho  efficioncy  of  transport  piimps 
and  permeability  may  also  vary  as  a  function  of  salinity.  Intact 
animals  and  excised  gills  consume  ojygen  at  ratas  wliich  indirectly 
depend  on  salinity,  Hovraver,  tho  factors  upon  which  those  rates 
directly  depend  are  distinct. 

The  effect  of  temperature  on  the  standard  oxygen  consvmiption  of 
fishes  has  been  shotm  to  be  independent  of  body  size  (Job,  1955» 
Beamish  and  Ilookheroii »  196^).  Hickman  (1959)  has  made  the  only  study 
of  the  effect  of  body  size  on  the  salinity-oxygen  consumption  relation- 
ship in  fishes.  His  data  indicate  that  bocfy  size  is  an  important 
factor,  but  he  only  con-siders  two  salinities.  The  present  study 
suggests  that  the  effect  of  saJ-inity  on  the  oxygen  consumption  of 
both  intact  aniiiials  arid  excised  gills  is  a  function  of  body  size. 
Since  intact  animal  o:x^'gen  consumption  depends  on  mascvilar  activity 
and  oxygen  ccnstmption  of  excised  gills  on  osmotic  v7ork,  the  effect  of 
salinity  on  muscular  activity  and  osmotic  Trork  must  also  b©  a  fxmction 
of  body  sise,  I'Jhenever  possible,  body  size  should  b©  considered  in 
osmoregulatory  studies. 

Conclusions 

In  any  homeostatic  system,  the  er&rgy  expendittire  rmi:y  be  varied 
in  order  to  control  the  level  of  the  system  in  the  face  of  extei'nal 
fluctuations,  HoTraver,  the  constant  of  proportionality  may  also  be 
varied.  This  may  lead  to  energy  chaiiges  vrfiich  are  more  than  propor- 
tional or  less  than  proportional  to  changes  in  external  levels.  It  is 
even  possible  to  find  decreases  in  the  energy  expenditui'e  as  the 
difference  between  the  level  of  a  parameter  in  an  animal  and  the 
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environment  increases  if  the  constant  of  propoi-tionality  is  decreased 
s\i-fficiontly. 

In  this  study,  osmoregulatory  ability  is  shovm  to  be  a  result 
of  varying  the  energy  expenditvire  and  also  varying  the  apparent 
permeability.  Energy  expenditure  varies  both  as  a  function  of  JB  -  M\ 
and  as  a  function  of  bodj''  size.  Apparent  permeability,  likeTd.se, 
is  a  function  of  both  JB  -  m|  and  body  size.  Good  osmoreg\ilation  results 
when  proper  adjvistments  in  these  two  factors  are  made  as  the  concen- 
tration of  the  meditmi  varies. 

Summary 

1,  F,  siiidlis  wliich  inhabits  salt  mai'sh  tidal  creeks  is  a  precise 
osmoregulator  over  the  range  of  salinity  from  fresh  to  full  sea 
water.  The  fresh-water  F,  ch-rysotus  has  a  less  pi-ecise  pattern 
of  osmoregulation  over  the  same  range.  This  pattern  is  similar 
to  those  of  the  euryhaline  fishes,  Tilapia  aurea  (Lotan,  I966) 
and  Fundt0.us  kansae  (Stanley  and  Fleming,  I966) .  F,  clnysotus 
has  the  physiological  capacity  to  osmoregulate  in  a  manner 
similar  to  some  eiuiyhaline  species,  but  it  is  stenohaline  in 
an  ecological  sense, 

2,  Oxygen  consumption  of  intact  animals  varies  significantly  as 

a  function  of  salinity,  Hovrever,  these  changes  cannot  be  corre- 
lated Tidth  the  energetic  costs  for  osmotic  work  because  they 
are  up  to  30  times  the  minimum  amount  necessary  to  perform 
osmotic  TOrk  as  estimated  hy  Potts  (195^) ,  This  indicates  an 
efficiency  of  ca,  %  which  is  much  lower  than  the  efficiencies 
iZOf}  to  80^)  of  other  transport  systems  (Potts  and  Parry,  19^). 
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It  is  concl\ided  that  salinity  may  cause  an  activity  response 
which  results  in  changes  in  o:-ygen  consi'iaption  of  intact  animals. 
Oxygen  constimption  of  excised  gills  shows  significant  variations 
i^I!»  similis  and  nonsignificant  variations  in  F.  chrysotus  as 
a  fmiction  of  salinity.  The  magnitude  of  these  changes  correlates 
T^ll  i-dth  the  amount  of  osmotic  vjork  which  must  be  performed. 
The  direction  of  these  changes  does  not  consistently  parallel 
the  direction  of  the  changes  in  |b  -  MJ  ,  This  may  be  the  result 
of  a  transport  system  wliich  changes  its  level  of  efficiency  or 
of  a  varying  permeability, 

3,  Both  species  show  decreases  in  apparent  gill  pei'moability  as 

|B  -  I'lj  increases.  Apparent  permeability  decreases  as  a  fvmction 
of  increasing  body  size  at  all  salinities, 

k.   Changes  in  the  oxygen  consumption  of  intact  animals  do  not  con- 
sistently parallel  changes  in  the  oxygen  consumption  of  excised 
gills.  It  is  suggested  that  the  oxygen  consiunption  of  intact 
animals  is  a  function  of  the  effect  of  salinity  on  activity, 
while  the  oxygen  consumption  of  isolated  gills  reflects  the 
amo\mt  of  osmotic  work.  Body  size  significantly  affects  the 
salinity-oxygen  consur^ition  relationslaip  of  both  intact  animals 
and  excised  gills. 
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